Agrin and its receptor MuSK are required for the formation of the postsynaptic apparatus at the neuromuscular junction (NMJ). In the current model the local deposition of agrin by the nerve and the resulting local activation of MuSK are responsible for creating and maintaining the postsynaptic apparatus including clusters of acetylcholine receptors (AChRs). Concomitantly, the release of acetylcholine (ACh) and the resulting depolarization disperses those postsynaptic structures that are not apposed by the nerve and thus not stabilized by agrin-MuSK signaling. Here we show that a miniaturized form of agrin, consisting of the laminin-binding and MuSK-activating domains, is sufficient to fully restore NMJs in agrin mutant mice when expressed by developing muscle. Although miniagrin is expressed uniformly throughout muscle fibers and induces ectopic AChR clusters, the size and the number of those AChR clusters contacted by the motor nerve increase during development. We provide experimental evidence that this is due to ACh, because the AChR agonist carbachol stabilizes AChR clusters in organotypic cultures of embryonic diaphragms. In summary, our results show that agrin function in NMJ development requires only two small domains, and that this function does not depend on the local deposition of agrin at synapses. Finally, they suggest a novel local function of ACh in stabilizing postsynaptic structures.
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acetylcholine ͉ MuSK ͉ synapse formation O ne of the fundamental questions in neuroscience is how synapse formation between neurons and their targets is controlled during development. Current evidence indicates that initial stages of target recognition and synapse formation are driven by cell-adhesive interactions, and that later stages require electrical activity (1) . The easy accessibility of the neuromuscular junction (NMJ) for experimental manipulation has allowed investigating synapse formation at both the molecular and physiological levels. NMJ formation critically depends on agrin, an extracellular matrix molecule released by the nerve (2, 3) ; the muscle-specific receptor tyrosine-kinase MuSK, which is activated by agrin (4); the low-density lipoprotein receptor-related protein 4 (5); and two intracellular adaptors, Dok-7 (6) and rapsyn (7) , which bind to activated MuSK and the acetylcholine receptor (AChR), respectively. Of these, agrin and MuSK are the most upstream components, because forced expression in nonsynaptic regions of the muscle is sufficient to induce postsynaptic structures (8) (9) (10) (11) . Only certain splice variants of agrin, which differ in expression and in inserts localized in the most Cterminal laminin G (LG)-like domain, are capable of inducing AChR aggregation and MuSK activation (12) .
In contrast to postsynaptic differentiation, the molecular mechanisms that initiate presynaptic differentiation are less well understood. In addition, the role of agrin at early stages of NMJ formation is still debated (13) (14) (15) , because developing muscle forms AChR clusters without nerve contact (16, 17) , possibly by MuSK autoactivation (18) . Irrespective of whether agrin initiates (2) or merely stabilizes AChR clusters at nerve-muscle contacts, current evidence shows that agrin is important to counteract the dispersal activity of ACh (19) (20) (21) (22) . Here we report on transgenic mice that express a miniaturized version of active agrin in skeletal muscle fibers and show that this miniagrin is sufficient to restore NMJ formation in mice lacking endogenous agrin. Moreover, we provide evidence that ACh may also contribute to the selective stabilization of AChRs at nerve-muscle contacts.
Results

Transgenic Expression of a Miniaturized Form of Neural Agrin in
Skeletal Muscle. We have previously shown that a miniaturized form of neural agrin (miniagrin) containing the 8-aa insert at the B/z site is sufficient to induce postsynapse-like structures when expressed in nonsynaptic regions of the adult soleus muscle (23) . To further study this phenomenon, we generated several transgenic mouse lines expressing miniagrin derived from full-length chick or mouse agrin (see Fig. 1 A for domain organization). Expression of the cDNAs encoding chick miniagrin (c-mag B8 ) or mouse miniagrin (m-mag z8 ) was under the control of the promoter elements of muscle creatine kinase (MCK), either directly (24) or via an inducible tet-off system (see ref. 25 for further details). Several mouse lines were established, which expressed the transgenes at different levels as determined by Western blot analysis of equal amounts of muscle extracts (Fig. 1B) . Equal loading was confirmed by Ponceaus S staining of the immunoblots (data not shown), and individual bands were quantified (Fig. 1C) . Such quantification showed that the levels of the transgene varied between mouse lines up to 7-fold, but that there was no significant difference between soleus and extensor digitorum longus (EDL) muscle within one line. Despite the large difference in expression between the lines, we did not detect substantial differences in their biological responses. As expected for the MCK promoter (26), c-mag B8 was expressed as early as embryonic day 13.5 (E13.5) [supporting information (SI) Fig. S1  A and B] . In adult muscle, c-mag B8 was not enriched at NMJs (Fig. S1 C and D) . Moreover, the transgene was not expressed in embryonic and adult brain or spinal cord as determined by RT-PCR (Fig. S1E) . A similar expression pattern of the transgene was observed in each of the tet-off lines that expressed m-mag z8 (data not shown).
To test whether overexpression of mag B/z8 induces the formation of ectopic postsynaptic structures, we examined hindlimb and diaphragm muscles in adult animals. In line with previous results (23) , all of the muscles expressed ectopic AChR clusters. Using whole-mount preparations of single muscle fibers, we noticed, however, a large difference between muscles. For example, soleus muscle contained many ectopic AChR clusters (Fig. 1D) , whereas EDL contained only very few (Fig. 1E) . Quantification revealed that the average number of ectopic AChR clusters per muscle fiber ranged from 2 (soleus) to 0.1 (EDL) (Fig. 1F ). This 20-fold difference in the response between soleus and EDL muscles was not due to differences in levels of the c-mag B8 ( Fig. 1 B and C) . Moreover, the order of responsiveness was the same in all of the transgenic lines irrespective of the levels of mag B/z8 (data not shown). Denervation of hindlimb muscles in the transgenic mice resulted in the formation of an exuberant number of AChR clusters in both muscles, and the difference in cluster number between muscles was abrogated (data not shown). These results thus indicate that muscles have different sensitivities to form ectopic AChR clusters in response to mag B/z8 .
Miniagrin Expressed by Skeletal Muscle Is Sufficient to Drive Synapse
Formation in the Absence of Endogenous Agrin. We have previously shown that expression of full-length chick agrin in motor neurons prevents the perinatal death of agrin-deficient mice (27) . The relatively low number of ectopic postsynapses, the finding that the innervation band remained localized in the center of the muscle, and the lack of an overt phenotype in the mag B/z8 transgenic mice led us to test whether NMJs would still form in the absence of any nerve-derived agrin. To investigate this, we mated the transgenic mice with heterozygous agrin-deficient mice (17) to obtain lines deficient for agrin and that express mag B/z8 in skeletal muscle (mag B/z8 ; agrn Ϫ/Ϫ ). Recent evidence has shown that those agrin-deficient mice still synthesize a small N-terminal fragment (28), which does not affect the NMJ phenotype (17) . Mice deficient for agrin and transgenic for miniagrin were born alive and could not be distinguished from their littermate controls ( Fig. 2A ; see also Movie S1). The majority was fertile and lived for a prolonged time, the oldest being now Ͼ1 year old. Some mice developed symptoms such as kyphosis, signs of muscle fibrillation, and eventually died early (Fig. 2B) . NMJs in the mag B/z8 ; agrn Ϫ/Ϫ mice were localized to the central region of the muscle both in EDL ( Fig. 2C ) and soleus ( Fig. 2D) . At higher magnification, the NMJs of the mag B/z8 ; agrn Ϫ/Ϫ ( Fig. 2 E and F) mice looked remarkably similar to those of control littermates (Insets in Fig. 2 E and F) . In summary, these experiments show that uniform expression of miniagrin in skeletal muscle restores the formation of nerve-muscle synapses, notably also of presynaptic nerve terminals. Of interest, the rescue is superior to that obtained by the expression of full-length agrin in motor neurons (27) .
Development of NMJs.
To monitor the development of the NMJ and to compare our study with those of others (e.g., refs. 17 and 21), we next examined the development of the NMJ in the diaphragm from E13.5 to E18.5. To minimize biological variation, we always compared the different genotypes within the same litter. As controls, we used mice that were not transgenic and carried at least one wild-type allele for agrn (agrn ϩ/? ). These were then compared with agrin-deficient (agrn Ϫ/Ϫ ), transgenic control (mag B/z8 ; agrn ϩ/? ) and transgenic, agrin-deficient mice (mag B/z8 ; agrn Ϫ/Ϫ ). Diaphragms were isolated from embryos, and both the presynaptic nerve terminals and postsynaptic AChR clusters were visualized in whole-mount preparations (see Figs. S2-S5).
At E13.5, diaphragms from mice expressing mag B/z8 contained more AChR clusters than those from control and agrin-deficient mice, but most of them were not contacted by nerve terminals ( Fig. 3A; Fig. S2 ). At E14.5, the number, intensity and the fraction of AChR clusters associated with presynaptic nerve terminals had increased in all genotypes except in agrn Ϫ/Ϫ mice ( Fig. 3B; Fig. S3 ). In c-mag B8 ; agrn Ϫ/Ϫ mice, nonsynaptic AChR clusters remained more frequent than in controls (Fig. 3B) . At E16.5, the majority of AChR clusters in control mice were confined to a central band, where they were contacted by nerves ( Fig. 3C; Fig. S4 ), whereas in agrin-deficient mice, only remnants of AChR clusters were detected (Fig. 3C) . Nerve association of AChR clusters was also increased in c-mag B8 ; agrn Ϫ/Ϫ mice, although the number of nerve-free AChR clusters remained substantial ( Fig. 3C; Fig. S4 ). At E18.5, NMJs looked more mature as the association of AChR clusters with nerve terminals became more frequent in control and mag B/z8 transgenic mice (Fig. S5) . In agrn Ϫ/Ϫ diaphragms, most AChR clusters had disappeared (Fig. S5) . Unlike control diaphragms, however, those expressing miniagrin still contained nonsynaptic AChR clusters, and their innervation band was substantially wider than in controls ( Fig. S5 ; see Fig. 3D for quantification).
AChR Clusters Contacted by the Nerve Are Stabilized. The current model proposes that neural agrin deposited at the site of innervation stabilizes AChR clusters, whereas ACh acts as a dispersal factor to remove nonsynaptic AChR clusters that are devoid of neural agrin (13) . Because miniagrin is secreted throughout the entire length of the muscle fibers in the mag B/z8 transgenic mice, all AChR clusters, irrespective of innervation, should be stable. To test this, we systematically recorded confocal stacks through the entire thickness of hemidiaphragms from E14.5 to E18.5 (see detailed description in Materials and Methods and Figs. S3-S5 ). When we compared the number of AChR clusters per stack, it was higher in c-mag B8 transgenic mice than in controls at each time point (Fig. S6A) . In control mice, the percentage of AChR clusters apposed by a nerve terminal (i.e., synaptic AChR clusters) steadily increased over time to reach close to 100% by E18.5 ( Fig. 3E) , whereas the number of nonsynaptic AChR clusters decreased (Fig. 3F) . In c-mag B8 ; agrn ϩ/? mice and c-mag B8 ; agrn Ϫ/Ϫ mice, the percentage of synaptic AChR clusters also increased (Fig. 3E) , and the number of nonsynaptic clusters decreased over time (Fig. 3F) . Synaptic AChR clusters were also significantly larger than those that were not innervated, and the difference became more pronounced at later developmental time points (Fig. S6B) . Thus, even when nerve terminals do not secrete agrin, those AChR clusters that are contacted by nerve terminals are selectively maintained and grow in size. These results strongly suggest that nerve terminals synthesize factors in addition to agrin that stabilize AChR clusters at the synapse.
Carbachol Prevents Loss of Synaptic AChR Clusters.
A candidate for a nerve-derived factor contributing to the stabilization of synaptic AChR clusters could be the neurotransmitter itself. To test for this, we made use of an ex vivo preparation of diaphragms isolated from E14.5 embryos. In this experimental paradigm (14) , the number of AChR clusters is determined before and after culturing the excised diaphragms for 18 h at 37°C. Under control conditions, only Ϸ20% of the AChR clusters remained after the 18 h of incubation (Fig. 4A Left; Fig. 4B ). In contrast, when diaphragms were incubated in the presence of 0.1 mM of the AChR agonist carbachol (CCh), Ͼ50% of the AChR clusters remained (Fig. 4 A and B) . The effect of CCh was specific for its cholinergic action, because an excess of the AChR antagonists d-tubocurarine (d-TC) or ␣-bungarotoxin (BTX) abolished it (Fig. 4 A and B) . The effect of CCh in preventing the loss of AChR clusters was not seen in diaphragms isolated from agrn Ϫ/Ϫ mice (Fig. 4C Left) or from mag B/z8 transgenic mice (Fig. 4C  Right) . Thus, CCh does not prevent the loss of spontaneously formed AChR clusters, and an excess of agrin saturates the AChR aggregation response. To further test whether the effect of CCh on nerve-contacted AChR clusters was by stabilizing preexisting clusters or by triggering their new synthesis, we labeled AChRs by Alexa-488-BTX partially (Fig. 4 D and E) . After the partial labeling, diaphragms were incubated for 18 h in the presence of 0.1 mM CCh. As shown in Fig. 4 F and G, AChR clusters were still labeled. As expected from a partial blockade of AChRs, the rescue of the AChR clusters by CCh was smaller, although still highly significant compared to medium alone (Fig.  4H) . Although CCh had a strong effect on the number of AChR clusters, their size was not affected at all (Fig. S7) . In summary, our results indicate that CCh prevents the loss of those AChR clusters that are formed during development in response to neural agrin.
Discussion
Our work provides insights into several aspects of how NMJs form during development and, in particular, of how agrin-MuSK signaling regulates this process. The starting point of our work was the observation that mice overexpressing mag B/z8 did not show an overt phenotype despite the presence of ectopic AChR clusters in the skeletal muscle. We also observed a large difference in the response of muscles to the overexpression of mag B/z8 . Muscles have also been shown to respond differently to innervation (29) . In that work, muscles like soleus or diaphragm were categorized as ''delayed synapsing'' (DeSyn), whereas EDL and gastrocnemius muscles were characterized as ''fast synapsing'' (FaSyn). We find now that DeSyn muscles respond well to the miniagrin transgene, whereas FaSyn muscles respond poorly. One possible explanation for such a muscle-intrinsic difference to respond to innervation and to neural agrin could be a difference in the expression of molecules involved in agrinMuSK signaling, such as MuSK itself or Dok-7 (6). Indeed, MuSK expression is substantially lower in the less-responsive EDL than in the highly responsive soleus (S.L., M.M., and M.A.R., unpublished observations).
Agrin Domains Sufficient for Postsynaptic Differentiation. Agrin is a large heparan sulfate proteoglycan that has been shown to bind to several cell surface receptors (integrins, ␣-dystroglycan, and N-CAM), to growth factors (FGF), and extracellular matrix (ECM) molecules (laminins, other heparan sulfate proteoglycans; for review, see ref. 12). That the miniaturized form of neural agrin consisting solely of the laminin-binding (30) and the MuSK-activating domain (31, 32) can rescue the perinatal death caused by agrin deficiency strongly argues that none of the other interactions of full-length agrin are required for its function in the initial development of NMJs. Of particular interest is that our work provides in vivo evidence that induction of postsynaptic structures during development does not require binding of neural agrin to ␣-dystroglycan, unlike what was postulated previously (33) . Our data also show that presynaptic differentiation is not a direct consequence of the accumulation of agrin at nervemuscle contacts as had been postulated (34, 35) . Instead, presynapses are rather formed as a consequence of the accumulation of other factor(s) that become concentrated in response to agrin-MuSK signaling during postsynaptic differentiation. Consistent with this idea, motor nerves continue to grow in MuSK-deficient mice (4) , and overexpression of MuSK in skeletal muscle, which causes its self-activation and the formation of postsynapses, is sufficient to induce presynaptic differentiation in agrn Ϫ/Ϫ mice (18) . One possibility is that activation of MuSK could also induce presynaptic specialization. Such a direct feedback of activated MuSK to motor neurons has been described in vitro (36) . Alternatively, factors may accumulate during postsynaptic differentiation and they, in turn, may induce presynaptic differentiation. Proteins implicated in presynaptic differentiation are FGFs, laminin-␤2, and collagen ␣(IV) chains (37).
The Central Region of the Muscle Is More Responsive to Miniagrin
During Development. Our work also provides evidence that the uniform expression of miniagrin throughout the muscle influences the pattern of innervation, because we observed a substantial widening of the synaptic band in mag B/z8 mice (Fig. 3D ).
There are several reasons that may underlie this effect. For example, high concentrations of mag B/z8 will activate MuSK in more lateral regions of the muscle where the levels of MuSK are low (18) . This activation would then trigger transcriptional changes that allow recruitment of more MuSK (10) and thus widen the region in which NMJs form. Because a widening of the innervation band was also observed in mice overexpressing MuSK (18), our results indicate that hyperactivation of MuSK by adding neural agrin or by overexpression of MuSK itself can equally well cause a widening of the innervation band (see also ref. 14 for discussion).
The AChR Agonist Carbachol Stabilizes AChR Clusters. We show here that the relative number of nerve-contacted AChR clusters increases (Fig. 3E) , and that the number of nonsynaptic AChR clusters decreases during development (Fig. 3F) , despite the uniform expression of miniagrin. Moreover, we show that the size of nerve-contacted AChR clusters is significantly larger than that of nonsynaptic ones (Fig. S6B) . Thus, nerve-contacted postsynapses are preferentially maintained in mag B/z8 ; agrn Ϫ/Ϫ animals, whereas those not innervated are eliminated, indicating that motor nerve terminals produce factors in addition to agrin that stabilize synaptic AChR clusters. Our data now indicate that one such factor might be ACh itself, because addition of the AChR agonist CCh prevents the loss of AChR clusters in cultured, denervated diaphragm muscle (Fig. 4 A and B) . Our results also show that the effect of CCh is based on its cholinergic function as it is blocked by an excess of the AChR antagonists d-TC or BTX (Fig. 4 A and B) and that CCh exerts its effect only together with neural agrin (Fig. 4C ). An additional support for the conclusion that the AChR clusters maintained by CCh in this ex vivo preparation are those that were initially innervated by motor neurons is that they are localized in the middle of the diaphragm, reminiscent to the central band of innervation (Fig.  4A) . Finally, we also show that at least part of the effect of CCh is based on its stabilizing preexisting AChR clusters (Fig. 4  D-H) .
In current models, the only role of ACh during NMJ formation is that of a dispersal factor for the spontaneously formed AChR clusters, whereas the local deposition of agrin in synaptic basal lamina and thus activation of MuSK counteracts this dispersal activity of ACh (Fig. 5 Right) . This model is based on the observation that spontaneously formed AChR clusters that are not innervated disperse in wild-type mice whereas they remain in mice deficient for choline acetyltransferase (ChAT; refs. 19, 20) . Moreover, in agrin-deficient mice, nerve-associated AChR clusters are lost during development, whereas they are maintained in mice deficient for both agrin and ChAT (21) . Finally, addition of CCh to cultured myotubes disperses spontaneously formed AChR clusters, whereas AChR clusters become resistant to this dispersal if they are induced by agrin (21, 22) . Based on our experiments, we now propose a modified model in which local signaling pathways activated by the opening of AChRs also contribute to the stabilization of synaptic AChR clusters (Fig. 5) . According to our model, aneural postsynaptic structures in wild-type mice will disperse rapidly, because they lack both the local AChR-mediated and the agrin-MuSK signal. Nonsynaptic AChR clusters in mag B/z8 transgenic mice still disperse, although more slowly than in wild-type mice, because they are not stabilized by the local action of ACh (Fig. 5) . Such a proposed local action of ACh on the stability of postsynaptic AChRs during development is consistent with the observation that blockade of ACh release decreases the half-life of synaptic AChRs from 14 days to 2 h at mature mouse NMJs (38) .
What could be the intracellular signal that triggers the maintenance of AChRs? One possibility is that the opening of AChRs by ACh causes the local influx of calcium (39) . Because calcium has been shown to be required for agrin-induced AChR clustering and cluster maintenance in vitro (40) , the high calcium concentration in conjunction with activation of agrin-MuSK signaling could result in sustained stabilization of postsynaptic structures (Fig. 5C) . Interestingly, an influence of calcium influx via AChR channels on innervation has been suggested previously, because changing the dynamics of AChR-mediated calcium influx by genetically engineering fetal-type AChRs to adopt the ion conductance properties of adult-type AChRs causes a widening of the synaptic band (39, 41) . In summary, our results suggest a role of ACh in the stabilization of postsynaptic receptors. A dual role of neurotransmitters to locally stabilize the postsynaptic receptor clusters that are apposed by a nerve terminal and to destabilize those that are not innervated by the 
